We designed, synthesized, and screened a library of analogs of the organophosphate pesticide metabolite paraoxon against a recombinant variant of human serum paraoxonase-1. Alterations of both the aryloxy leaving group and the retained alkyl chains of paraoxon analogs resulted in substantial changes to binding and hydrolysis, as measured directly by spectrophotometric methods or in competition experiments with paraoxon. Increases or decreases in the steric bulk of the retained groups generally reduced the rate of hydrolysis, while modifications of the leaving group modulated both binding and turnover. Studies on the hydrolysis of phosphoryl azide analogs as well as amino-modified paraoxon analogs, the former being developed as photoaffinity labels, found enhanced tolerance of structural modifications when compared with O-alkyl-substituted molecules. Results from computational modeling predict a predominant active site binding mode for these molecules, which is consistent with several proposed catalytic mechanisms in the literature and from which a molecular-level explanation of the experimental trends is attempted. Overall, the results of this study suggest that while paraoxonase-1 is a promiscuous enzyme, there are substantial constraints in the active site pocket, which may relate to both the leaving group and the retained portion of paraoxon analogs.
INTRODUCTION
Paraoxonase-1 (PON1) is a serum protein associated with highdensity lipoprotein (HDL) cholesterol particles. It is capable of catalyzing the hydrolysis of a wide array of organic esters and organophosphorus (OP) compounds; however, its physiological role remains enigmatic. Nevertheless, PON1 is able to hydrolyze pesticide metabolites such as paraoxon (1) , chlorpyrifos oxon (2), G-series nerve agents such as sarin (3) , and V-series nerve agents such as VR (4) and VX (5) . [1] [2] [3] [4] [5] [6] [7] Because of this property, and because it is a native human protein, PON1 is a suitable candidate for a bio-scavenger against OP agent exposure. [5] [6] [7] [8] [9] However, the catalytic efficiency of the native protein is at least two orders of magnitude lower than what is desired for effective protection against these nerve agents and pesticides. [10] While our group and others [5] [6] [7] 10] are attempting to engineer mutants of PON1 that will have improved catalytic efficiency, the uncertainty regarding the potential active site and mechanism of hydrolysis has slowed these efforts. Furthermore, the lack of a crystal structure of a ligand-bound PON1 variant has left many questions unanswered, and indeed, it remains unclear whether the protein uses multiple catalytic residues and even whether all substrates bind the same way to the protein. [7] [8] [9] In order to improve our understanding of the PON1 active site and what constraints on substrates exist, we undertook a quantitative structure-activity relationship (SAR) study to obtain information on binding and catalytic turnover. The crystal structure of a bacterially expressible recombinant PON1 variant, known as G2E6, was solved by Tawfik, Sussman, and colleagues (PDB ID 1V04). [11] The sequences of G2E6 and human PON1 are identical in the putative active site, which is in the interior of the b-propeller fold of the enzyme. [11] Most of the sequence differences are in the solvent-exposed surface of the protein and are predominantly non-polar to polar mutations, which are likely related to solubility and stability. Kinetic studies show generally similar behavior between the two proteins; however, the G2E6 variant hydrolyzes paraoxon more efficiently, while the human variant hydrolyzes the nerve agents VX and VR ( Fig. 1 ) more efficiently. [11, 12] Overall, the active site of G2E6 is expected to be similar to that of human PON1. PON1 has similar activity to bacterial phosphotriesterase, which has higher catalytic efficiency against paraoxon. [13, 14] However, we focused our efforts in engineering PON1 against OP compounds because PON1 is a human enzyme.
To date, the natural substrates of PON1 are unknown, but it has been proposed that its native role is as a lactonase. [15, 16] Many researchers also believe that PON1 plays a role in regulation of LDL oxidation, and in prevention of atherosclerosis. [17] [18] [19] [20] [21] Tawfik et al. studied a range of substrates of considerable diversity to probe the hypothesis that PON1 is a lactonase (Fig. 2 ). [15, 16] They also found that the basicity of the leaving group had little effect on the k cat or k cat /K M for good leaving groups, but worse leaving groups (pK a of the conjugate acid > 7) reacted more slowly with increasing basicity. Although they proposed a natural function for the enzyme, the experiments did not address the issue of the actual mechanism of hydrolysis of OP compounds. In an attempt to use SAR studies to probe substrate constraints on turnover and the active site tolerances of PON1, we studied a series of paraoxon analogs (Fig. 3) grouped into five classes.
Group I: Paraoxon analogs. The molecules in this group are phosphoryl triester analogs of paraoxon with variations only on the O-alkyl side chains. The kinetic parameters for this library of molecules can help us understand the role of size of the substrate retained groups on binding and hydrolysis by PON1.
Group II: Phenoxy-substituted paraoxon analogs. Ligands of this group are phosphoryl triesters that contain an unsubstituted phenolate leaving group and include considerable variety in the side chains as for the group I molecules. The group II compounds also sample the active site tolerances of PON1 for molecules that lack the electron-withdrawing para-nitro moiety on the leaving group.
Group III: Phosphoryl azides as photoaffinity labels (PALs). This group includes phosphoryl azides, which upon irradiation can produce a highly reactive singlet nitrene that can covalently insert to the active site residues of the protein and thus act as PALs. [22, 23] The kinetic parameters studied within this group will aid in the design of PALs for PON1 and also explore the role of polar atoms on the retained group, which can potentially affect the interaction of ligand with polar residues in the active site.
Group IV: Paraoxon analogs containing other leaving groups. The molecules in this group are paraoxon analogs that contain substituted aromatic rings as the leaving group. Accordingly, the primary purpose of these molecules is to improve our understanding of the effects of the leaving group on the catalysis: whether it is purely an electronic effect of the leaving group substituents or if there are effects related to the orientation of substrate in the active site, as well. Most prior studies (e.g., those of Tawfik et al. [15, 16] ) have primarily used paraoxon analogs that contain electron-withdrawing substituents on the aromatic ring, but very few were electron-donating groups. [15, 16, 24] Analogs 30-32 have electron-donating substituents on the aromatic ring, and 33 has a weakly electron-withdrawing substituent.
Group V: Phosphoramidates. Molecules 34 and 35 are both inhibitors of diisopropyl fluorophosphatase (DFPase), and they do not contain an aromatic leaving group. [25] Molecule 36, on the other hand, is a phosphoramidate with phenolate leaving groups. Thus, this moiety primarily aids in examining leaving group effects, both in terms of the direct effect on the energetics of hydrolysis as well as in terms of potential interactions in the active site of the protein.
In this report, we describe experimental and computational SAR studies aimed at identifying the constraints on hydrolysis of paraoxon analogs as part of a larger collaborative research effort aimed at examining and optimizing the OPase mechanism of PON1. [8, 9, 12, 26] Figure 1. Organophosphorus insecticides and nerve agents paraoxon (1), chlorpyrifos oxon (2), sarin (3), VR (4), and VX (5) Figure 2 . Examples of PON1 substrates studied by Tawfik's group [15, 16] 
EXPERIMENTAL AND COMPUTATIONAL METHODS Enzyme preparation and kinetics

General
Substrate and inhibition kinetics were performed with recombinant PON1 (rePON1) variant G2E6 expressed as a 6ÂHis-tagged thioredoxin fusion protein and purified as reported in the literature. [11, 27, 28] 
Enzyme kinetics
The enzymatic hydrolysis rate of all of the phosphoryl triester substrates of groups I-V were determined at pH 7.4, where the hydrolysis rate is known to be maximum, [29] in 50 mM TrisÁHCl, 50 mM NaCl, and 1 mM CaCl 2 buffer. The enzyme was stored in 50 mM TrisÁHCl, 50 mM NaCl, 1 mM CaCl 2 buffer containing 0.1% tergitol and 10% glycerol. The presence of detergent and glycerol has been shown to keep the enzyme stable for a long period. [30] A substrate stock was made in methanol as each substrate had limited solubility in aqueous solvent. We initially determined all values using a 0.1 M stock of each compound in methanol, with variable methanol concentration in the final reaction. Because it has been previously observed that increasing methanol results in apparently lower K M and often lower k cat values, we used a 0.26 M stock of each compound and determined the parameters again under constant 1% methanol conditions for the group I compounds. Only very small (less than twofold) changes in k cat and K M were observed, with virtually no effect on k cat /K M . However, because of instability of the compounds, we were unable to re-examine the group III phosphoryl azides under constant methanol conditions, and we did not reexamine compound 32, the only compound in groups II, IV, or V with significant turnover. So the values for groups II-V must be regarded as apparent. The initial velocities from six different concentrations of each substrate were used to calculate k cat and K M . The concentration of substrate was generally varied in the range of 0.3 Â K M up to (2-3) Â K M , and the enzyme concentrations were varied for different substrates depending on the amount of activity (2 to 40 mM). The hydrolysis product was monitored spectrophotometrically on an Agilent 8453 (Agilent Technologies Inc., Santa Clara, CA) UV-vis spectrophotometer at 405 nm (for substrates with p-nitrophenolate leaving groups, group I) or at 270 nm (for substrates with phenolate leaving groups, groups II-IV) in a 500 mL reaction volume. No significant background hydrolysis was observed for any substrates studied within the conditions of the assay.
Inhibition
We carried out inhibition assays for molecules in groups I-V by monitoring paraoxon hydrolytic activity with G2E6 (rePON1). The paraoxon hydrolysis product (p-nitrophenolate) was monitored at 405 nm at four different inhibitor concentrations (0.03-1 mM, depending on the inhibitor) and without an inhibitor to calculate an apparent IC 50 . Substrate (paraoxon) concentration was kept constant at 0.065 mM, which is slightly more than 10-fold below the K M , with 1% cosolvent (methanol). Enzyme concentration was 13 mM. The group I compounds have the same leaving group as paraoxon, but we could still monitor inhibition for substrates that reacted much more slowly than paraoxon. The rest of the compounds in this study produce leaving groups with no significant absorbance at 405 nm.
Data analysis
The kinetic parameters (K M , k cat ) were obtained by fitting the
] to the data using the program Kaleidagraph 4.0. In the cases of substrates where solubility limited higher substrate concentrations (compounds 27, 21 for example), data were fitted to the linear regime of the Michaelis-Menten model and V max /K M was derived from the slope. The k cat was then determined from V max using the known enzyme concentration. The averages of the three to five independent experiments were used in the calculations, and errors to the fits are reported.
Computational methods
Model preparation
Human PON1 is a monomeric protein, with a six-bladed bpropeller structure, which in serum is associated with HDL. The human form of the protein is extremely insoluble, and obtaining crystal structures of the protein has been highly problematic. The sole crystal structure available at present is of a recombinant, gene-shuffled variant derived primarily from the rabbit paraoxonase; this variant, known as G2E6, shares 86% sequence homology with the human protein (PDB entry 1V04). [11] The crystal structure of G2E6 was resolved at 0.22 nm resolution, with two fragments unresolved: the N-terminal 15 residues of the protein as well as a flexible loop from residues 72-79. The center of the b-propeller contains two bound calcium ions, which have been designated 'catalytic' and 'structural' on the basis of mutagenesis studies, [11, 31, 32] and a single phosphate ion was complexed to the 'catalytic' calcium ion in the crystal structure.
Preparation of a computational model of the G2E6 variant of PON1 was performed using the AMBER 10 suite of programs. [33, 34] The missing residues were added, and the protonation states of titratable residues were assigned using the program pdb2pqr, [35] with a solvent pH of 7.0. The FF03 [36] force field was employed for modeling of the protein models; simulations of ligands were performed using parameters assigned using the GAFF. [37, 38] To generate charges for the ligands, ChelpG [39] partial atomic charges were generated at the B3LYP/6-311+G(d,p) level [40] [41] [42] [43] of theory using the Gaussian03 program. [44] Parameters for the calcium ions were derived from published parameters. [45] Molecular dynamics simulations There were only 340 amino acid residues resolved in the G2E6 crystal structure, [11] along with the two calcium ions. A total of 24,074 TIP3P [46, 47] water molecules were added in a rectangular periodic box of 9.1 Â 10.5 Â 9.6 nm. [5, 6] G2E6 contains a single disulfide bond, between C42 and C353, which was included in the computational model. Energy minimizations and molecular dynamics (MD) simulations were performed using the sander module within AMBER 9. [33, 34] A five-step equilibration procedure was employed in preparing the model for production MD simulations: First, a 1000 step energy minimization was performed. This was followed by a four-step warming regime, where the protein was heated to 300 K over 4 ps of MD simulations, with a 1 fs time step in each case. No restraints were employed on the protein structure during this heating regime, and no instabilities were observed in the subsequent MD simulations. The temperature and pressure of the system were regulated using the Berendsen [48] scheme of heat bath coupling and a coupling time of 1.0 ps. While the Berendsen temperature bath has been demonstrated to result in instabilities for certain types of simulations, [49] the use of explicit solvation and coupling to the temperature bath largely remove these concerns, and the method has been successfully used in the study of proteins. [50, 51] The SHAKE [52] algorithm was employed to constrain bonds involving hydrogen atoms, and the particle-mesh Ewald method was used with a 1.2 nm cutoff for non-bonded interactions.
In order to understand the binding of the ligands screened in this study, we performed a series of molecular docking simulations into the computational model of G2E6 PON1 using AUTODOCK 4.0. [53] In the absence of a crystal structure of a ligand bound in the active site of PON1, computational approaches, such as molecular docking, can aid in our understanding of the ligand's binding in the active site. [54] A total of 100 poses were generated by AUTODOCK, clustered by root mean squared deviations (RMSD), and only clusters that had the P¼O of the ligand oriented towards the catalytic calcium were defined as productive. [26] These structures were pruned using several criteria, including proximity of the phosphoryl oxygen to the 'catalytic' calcium ion, to generate a series of plausible starting poses bound to the receptor. The resulting receptor-ligand complexes were subjected to 5 ns of MD simulations as described previously for the G2E6 protein model. This protocol allowed for full receptor and ligand flexibility and was followed by the estimation of free energies of binding using the molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) [37, 55, 56] and molecular mechanics generalized Born surface area (MM-GBSA) [57] methods. Following the MD simulations, the structural stability of the protein backbone was verified by plotting the RMSD of the protein-ligand complex over the course of the simulation. The RMSD was typically below 0.1-0.2 nm relative to the uncomplexed model system, and the simulations typically stabilized after 1-2 ns. Subsequently, predictions of the free energies of binding were made using [57] the following formula:
RESULTS
Enzyme catalysis and binding modes
Catalytic hydrolysis for each substrate by G2E6 PON1 was analyzed using a Michaelis-Menten model. When saturation by the substrate was possible, k cat and K M were determined separately; otherwise, only the catalytic efficiency (k cat /K M ) was determined. Each variant was also examined for inhibition of paraoxon hydrolysis by determining the IC 50 at a paraoxon concentration of 0.065 mM. Some of the molecules we studied were weak substrates or inhibitors for which we could not quantitatively determine the kinetic parameters. In the following tables, we report the qualitative kinetic parameters for such molecules as 'weak'.
(Structures for all compounds are provided in the Supporting Information, and substituents are noted in the subsequent tables.)
Group I
Paraoxon (1), the reference substrate, contains two O-ethyl groups and a p-nitrophenoxy substituent, which is the leaving group upon hydrolysis. As shown in Table 1 , the K M of paraoxon (1) in the G2E6 variant is 0.9 mM, with a k cat of 2.1 s -1 . (Note that the slight difference from the previously reported value [12] is likely due to different buffer and cosolvent conditions.) Except for the dimethoxy analog (6), there were no significant changes in K M across this series. The k cat of the dipropyl analog of paraoxon (10) was significantly attenuated (0.07 s -1 for 10) relative to 1. The di-isopropyl analog (11) was not a substrate, and only a weak inhibitor, suggesting that any branching of the side chain affected either the binding or catalysis, or both. The dibutyl analog (13) was neither a substrate nor an inhibitor, suggesting that the symmetrical butyl side chains represent an upper limit on binding, at least for group I. The di-methylcyclopropyl analog (12) was a weak substrate, suggesting that restricting the torsional freedom of the side chains did improve the binding over the butyl analogs. On the other extreme of side-chain size, the di-methyl analog (6) has a significantly higher K M (>1.5 mM) than paraoxon, such that we could only determine the overall catalytic efficiency (k cat /K M of 100 M -1 s -1 ) because of solubility limits. We could still establish a lower limit on the k cat , however, using a K M of 1.5 mM as a lower limit, which leads to a minimum of 0.2 s -1 . The trend across the series appears to be that increased size of the alkyl fragments reduces the rate of turnover (k cat ) compared with paraoxon. Although paraoxon is not the natural substrate of PON1, surprisingly, paraoxon has an optimal size for overall catalytic efficiency when compared with other structurally similar analogs.
Relative to paraoxon, when one of the two alkyl side chains is conserved as ethyl, the K M values are comparable with varying alkyl bulk from methyl through pentyl on the other alkyl chain. The results in this series indicate that the presence of one ethyl group was sufficient to allow for productive substrate binding in the active site, despite the increases in the other alkyl chain. However, the k cat values varied significantly over this series, indicating that while binding was not impaired, the increase in size of side chains hindered catalysis, as in the symmetrically substituted cases earlier (1.5 s -1 for 7, 0.63 s -1 for 8, 0.14 s -1 for 9, and 0.18 s -1 for 14). It should also be noted that the 'mixed' substrates 7-9 and 14 have a chiral center, and the racemate was used in our study. Thus, it is possible that only one enantiomer in these cases is binding or being hydrolyzed; the experimental conditions did not allow for analysis of the stereospecificity of hydrolysis. It has been previously reported that the less-toxic R P isomer of cyclosarin is hydrolyzed more rapidly by PON1 compared with that of the S P isomer. [58] It is also possible that one enantiomer is an inhibitor of the enzyme.
In order to examine the steric limits of the active site, we prepared two additional asymmetrically substituted paraoxon analogs, of which 15, which has an O-ethyl side chain and an O-cyclohexyl side chain, was not turned over by G2E6; instead, 15 was an inhibitor of paraoxon hydrolysis (IC 50~0 .5 mM). However, 16, which has a N-morpholino side chain (making it a phosphoramidate) and an O-ethyl group, is neither a substrate nor an inhibitor. As the molecules are roughly isosteric, this result suggests that the linker atom (oxygen), which connects the phosphorus atom and the alkyl side chain, may have played a role in differentiating the binding in the active site.
Overall, the results from this class of paraoxon analogs suggest that modifications of the retained O-alkyl groups can influence both the binding and turnover of substrates in PON1. A comparison of the number of carbon atoms present in the side chains against the k cat values shows that there is a strong inverse correlation with the carbon count (Fig. 4) ; increased steric bulk of the retained groups reduces the rate of hydrolysis across the group I molecules with the exception of paraoxon (carbon count = 2).
Group II
The molecules in group II possess modifications of the paraoxon scaffold where the p-nitrophenoxy group is replaced with a phenoxy group. Aside from this modification, 17 is identical to paraoxon; however (as also reported previously with serum PON1 [24] ), 17 is a very weak substrate of G2E6 PON1, and it only very weakly inhibits paraoxon turnover. In order to probe whether alterations in the size of the alkyl side chains could compensate for the absence of the p-nitro group, we studied the dipropyl analog (18) , which was also not a substrate of G2E6 PON1 but was a weak inhibitor of paraoxon turnover. Additional molecules in the group with larger side chains did not show any improved activity (Supporting Information). Because of the higher pK a of phenol versus p-nitrophenol, phenolate is a relatively poor leaving group, but it is also possible that some specific interaction with the p-nitro group occurs in the active site.
Group III
The molecules in group III (Table 2) are phosphoryl azides, which could potentially be employed as PALs for the direct identification of residues of the PON1 active site. [22, 23] In order to exploit the technique of photoaffinity labeling, it is important to identify PALs that are good inhibitors of PON1. The intent in this set of compounds was accordingly both to develop such PALs and to study modifications of the retained groups on phosphorus for their effects on binding and turnover. We recently reported that having a p-nitrophenyl group is not suitable for the photochemistry of PALs, while the unsubstituted phenyl ring was favorable for the photochemical labeling to occur. [59, 60] As a result, we used the unsubstituted phenolate leaving group as a starting point and progressively explored a wider range of modifications. Note that the enzyme kinetics for groups II-V were carried out under variable methanol cosolvent conditions, and so the parameters should be regarded as apparent. For the group I compounds, little change in the parameters was observed between the constant and variable methanol conditions (refer to Methods).
The first set of molecules in group III (19) (20) (21) (22) (23) (24) (25) (26) (27) are phosphoryl azides containing one phenyl substituent, with variations in the alkyl substituent either in terms of length/size or heteroatom linker, analogous to 7, 8, 9, and 14 from group I. Molecules 19-22 evaluate the length of the alkyl chain and show decreasing k cat with increased size, in a fashion similar to the group I molecules previously. Moreover, the results for K M and inhibition (IC 50 ) do not show any significant trends with the bulk of the alkyl side chain. Alkynyl-substituted 23 has a higher k cat than the analogous alkyl-substituted 21, with overall catalytic efficiency between the smaller 19 and 20. Amino-substituted 24 has a lower k cat (0.60 s ), perhaps because of the contribution of the resonance structures of 24 (Scheme 1), which could make the phosphorus atom less electrophilic. The most surprising result here is that several of these compounds demonstrated turnover, in contrast to the group II and other group III molecules (25) (26) (27) (28) (29) .
The lower k cat of 24 (0.60 s -1 ), compared with the similarly sized 19 (1.6 s -1 ), also suggests that differences in these , as compared with 0.07 s -1 for 10). Not only is the azide compensating for the absence of the nitro group and enhancing binding to the protein, it appears to also improve the rate of hydrolysis beyond the simple steric aspect sampled in the group I molecules. The results suggest that there may be electrostatic interactions in the active site helping to anchor the azide for hydrolysis, which the O-alkyl-substituted group I and II molecules were unable to participate.
Molecules 25-29 are phosphoryl azide analogs based upon a diphenoxy framework, which examine the effects of leaving group modifications on binding to PON1, and none of these molecules are substrates. [61] Diphenoxy-substituted phosphoryl azide (25) ( Table 2) demonstrates weak competitive inhibition of paraoxon turnover (IC 50 >1 mM). Symmetrical substitution of the phenyl rings at the para position with -SMe (29) results in improved inhibition (IC 50 0.3 mM), while the corresponding p-OMe substituted analog (28) is not an inhibitor at all. Interestingly, the asymmetric, mono p-OMe substituted analog 26 was found to be a weak inhibitor (IC 50 >1 mM), and the similar, propargylsubstituted 27 is an even better inhibitor of paraoxon hydrolysis (IC 50 0.5-1.0 mM). From this series of compounds, it appears clear that modifications at the para position of the phenoxy rings in paraoxon analogs can significantly affect binding.
The SAR results suggest strong constraints for ligand binding to PON1 and, additionally, more stringent constraints for turnover. Molecules 19, 21 , and 23 (IC 50 >1 mM for all three) are weaker inhibitors compared with 20 and 22 (IC 50 0.5-1.0 mM for both) suggesting that there could be an appropriate size or volume for the ligand to cause effective inhibition. It is important to note that all of these substrates had only one aromatic ring, while those that had two aromatic rings (25) (26) (27) (28) (29) were not substrates but were instead inhibitors; that is, turnover appears to be prevented with the presence of multiple bulky groups off of phosphorus.
Group IV
The molecules in group IV are paraoxon analogs (Table 3) with alterations in the electronics of the leaving group, similar to molecules 28 and 29 of group III, but which retain the two O-ethyl substituents. Analog 32, which has an electron-donating p-SMe group on the phenyl ring, has slightly weaker binding (K M 1.5 mM) compared with paraoxon (K M 0.9 mM), with a comparable k cat (2.0 s -1 versus 2.1 s -1 for paraoxon), suggesting that the catalytic mechanism is not affected significantly by the difference in the leaving group abilities. To further probe these effects, molecules 30, 31, and 33 were studied, which consist of p-iPr, p-OMe, and pBr substituents on the phenyl group, respectively. These molecules are neither substrates nor inhibitors of paraoxon hydrolysis. The pK a values for p-methoxyphenol, phenol, and p-bromophenol are quite close (10.2, 10.0, and 9.4), while the pK a of p-nitrophenol is much lower (7.2), meaning that p-nitrophenolate is expected to be a much better leaving group. Despite their electronic similarity, the absence of turnover in 31, in contrast to 32, is puzzling, although a similar trend was observed in the group III molecules 28 and 29. It is surprising that none of the group IV compounds are inhibitors of paraoxon hydrolysis when the sole differences are on the distal portion of the leaving group. This may suggest that the lack of turnover of 30, 31, and 33 is not just because of a poorer leaving group than paraoxon, but because binding to the p-nitrophenoxy group is favorable.
Group V
Phosphoramidates 34 and 35 (IC 50 0.1-0.5 mM and 0.5-1 mM, respectively; Table 4 ) are known inhibitors of DFPase, [25] a protein that is highly similar in structure to PON1. These molecules were tested for competitive inhibition of paraoxonase activity in G2E6 PON1 to assay whether the clear structural similarity of that protein would translate to similar kinetic trends. Both molecules did demonstrate inhibition of paraoxonase activity, with 34 being a better inhibitor than 35. These molecules were not tested as substrates because of the lack of a direct spectrophotometric assay. Interestingly, 36 with two phenoxy substituents is both a substrate and good inhibitor (IC 50 0.03 mM). Because of apparent substrate inhibition at higher concentrations (Supporting Information), we could not directly fit a Michaelis-Menten model to the data, but we can estimate the k cat from the maximum rate (~0.3 s À1 ) and a lower limit for the k cat /K M (300 M À1 s À1 ) from the rate at the lowest concentration tested. Molecule 36 is very similar in structure to phosphoryl azide 25. But 25 is not a substrate at all and is a weak inhibitor (IC 50 >1 mM), suggesting that the NH 2 group is favorable for binding.
The experimental results from our SAR studies suggest that the binding and turnover of paraoxon analogs in PON1 is governed by multiple factors including both steric and electronic properties of the leaving and retained groups. PON1 hydrolyzes a wide variety of different types of molecules, yet relatively small modifications in the leaving group result in dramatic differences in turnover while changes in the retained group have lesser influence in overall catalytic efficiency. In order to gain a molecular-level understanding of the ligand-protein interactions behind this interesting result, we employed molecular modeling techniques that include molecular docking, MD simulations, and binding energy calculations to simulate potential binding modes of these substrates in the active site. We discuss our in silico observations of the interactions between ligand and receptor in the following section, providing additional insights into the limits of the enzyme's promiscuity. 
Computational modeling
On the basis of the SARs probed earlier as well as previous reports [15, 16] on PON1, it is clear that the active site of PON1, while generally tolerant of a range of different classes of substrates including aryl and alkyl esters, phosphoryl azides, as well as phosphoryl triesters, nonetheless has significant limits on the steric and electronic requirements of the leaving group and the retained portion of ligands. In a previous SAR study probing the native function of PON1, Tawfik et al. [15, 16] proposed that the protein in its native form is a lactonase and further that nonspecific hydrophobic effects influenced the substrate binding modes for phosphoryl triesters. The weak inhibition or lack of inhibition of paraoxon hydrolysis by very similar compounds such as 17, 30, 31, 32, and 33 suggests that productive interactions with the p-nitrophenoxy moiety (and presumably other peripheral groups) may also affect substrate binding.
The molecules in group I primarily explore the effects of increased steric congestion on the retained portion of the substrates and generally show trends that can be justified in terms of nonspecific, hydrophobic interactions. With a conserved p-nitrophenolate leaving group, and the variations being only in the alkyl size and steric bulk, we observed two distinct trends across the series. For one, paraoxon is actually optimal in size for hydrolysis by PON1 compared with both larger and smaller near analogs. Above diethoxy, increase in the size and bulk reduced the k cat for turnover of substrates bound to the enzyme up to a point, after which binding was impeded entirely. For the two molecules, 6 and 7, which are smaller than paraoxon, the k cat values were also reduced compared with paraoxon. For the dipropyl analog 10, k cat values were significantly impaired, with K M values comparable with that of paraoxon and only weak inhibition. The larger symmetrically substituted analogs 11-13 were very poor substrates and poor inhibitors, as they most likely exceeded the spatial requirements in the active site.
The other trend observed in the group I molecules involves the ability of the active site to tolerate asymmetrically substituted paraoxon analogs, and in particular those that have bulky substituents (e.g., O-pentyl-substituted 14). However, for the symmetric molecules, neither the di-O-iPr substituted 10 nor the di-O-butyl analog 12 demonstrated turnover, and only weak inhibition was observed for 10. Explanations for this differential tolerance include the possibility that the bulkier O-alkyl substituents in the symmetric molecules simply exceed the active site space or that the hetero-substituted molecules reduce the overall size in a sufficient manner for binding and turnover to occur. However, the issue of stereochemistry arises in the 'mixed' molecules, and it is also possible that only one enantiomer of the racemate is able to productively bind for hydrolysis; that is, the steric constraint in the active site could be only at one of the two pockets interacting with the O-alkyl fragments, and the enantiomer with the smaller substitution at this position is able to productively bind. It is known that PON1 exhibits stereoselectivity in hydrolysis of some OP nerve agents, but to date, there have been no studies on the stereoselectivity of the enzyme for hydrolysis of paraoxon analogs. [58] Efforts are ongoing to examine whether hydrolysis is proceeding to completion on the chiral analogs or if turnover is exhibiting bimodal kinetics.
The trends in the group I molecules suggest that the productive binding of p-nitrophenoxy substituted paraoxon analogs in the active site is constrained in terms of retained group size and may have a requirement for the presence of only two bulky groups off of the phosphorus center, including the leaving group. In the absence of experimentally determined stereospecificities for the enzyme, we can only speculate, on the basis of the predicted mode of binding for the group I molecules in the active site, that the active site tolerance for bulk on one of the two chains is limited.
To attempt to understand these trends at the molecular level, paraoxon and analogs 6-8 and 14 were all docked into the active site of a computational model [26] of the G2E6 variant (described previously) of PON1 using AUTODOCK 4.0. [53] For paraoxon (1), seven of the 10 lowest energy clusters met the basic criterion of having the phosphoryl oxygen bound to calcium, sampling a range of orientations for the p-nitrophenoxy group in the active site, including poses in which the nitro group interacted with residues K70 or K192 via electrostatic interactions and poses with the p-nitrophenoxy oriented toward F292, without any polar or charged groups in proximity (Fig. 5) . In the predominantly identified binding modes, the p-nitrophenoxy group was observed either in the cavity between L240 and H285 or in proximity to H134 and K192 (Fig. 6) . Analyses of the MM-PBSA and MM-GBSA binding energies [37, [55] [56] [57] after 5 ns of MD simulations suggest that the latter pose (near to H134 and K192) is generally lower in energy by 2-5 kcal mol À1 . When the nitro group was in proximity to H134 and K192, the two O-ethyl substituents of paraoxon were in closest proximity to L69, V346, and H285, residues that border the active site. Similar poses were identified for the other molecules of group I, with consistent Figure 5 . Comparison of binding poses in the H115 and H285 pockets for (left) the S P stereoisomer of 8 and (right) paraoxon, respectively, using the structure from the final frame after 5 ns of molecular dynamics simulations energetic ordering, suggesting that such a pose could be a common mode of binding. This orientation of paraoxon analogs in the active site is consistent with other molecular modeling studies of the enzymes, which show a similar placement of paraoxon in a model of the wild-type variant of PON1. [62] On the basis of the predicted molecular modeling poses, we propose that the active site constraints across the group I molecules result largely from the hydrophobic pockets interacting with the O-alkyl fragments and, in particular, residues L69, V346, L240, and F222. These residues have been implicated as involved in modulating the selectivity of the enzyme, [63] and their proximity and interactions with the bound substrates in our model provide some additional validation of the proposed binding modes. This pose is also consistent with the hypothesis that the nucleophile is in the vicinity of D269, as the p-nitrophenolate leaving group is in a roughly anti orientation.
The group II molecules, generated from the removal of the pnitro group from several group I analogs, showed dramatically reduced turnover and binding (inferred from K M and IC 50 values) in PON1, relative to the group I molecules. As it is difficult, if not impossible, for modeling to provide a clear hypothesis in the absence of trends for calibration, we did not undertake detailed modeling studies for this group. The lack of turnover of the phenoxy analogs might simply be a function of the greater leaving group ability of p-nitrophenolate. In fact, G2E6 was produced by directed evolution toward increased activity against paraoxon, and it is possible that G2E6 is optimized for binding to the p-nitrophenoxy moiety. [27] The basis of that binding is not clear, because nitro groups are electron-withdrawing but are not strongly polar and are not good hydrogen-bond acceptors. The pK a of a protonated nitrobenzene is about À11, and no binding is detected between nitrobenzene and substituted ureas in chloroform or DMSO. [64] Nitrophenyl groups are common in haptens used to raise antibodies, and the nitro group has been shown to be important for binding relative to hydrogen but comparable to iodo substitution. [65] This suggests that the greatest effect of burial of the uncharged nitro group is in the liberation of water upon binding to a greasy active site. But it is also possible that specific interactions may occur, as was observed for nitrophenyl-binding mouse myeloma protein MOPC 315. [66] G2E6, for example, has a Lys at 192 (as opposed to Gln or Arg in the human alloforms), and several docked poses of the nitrophenoxy compounds put the nitro group in the vicinity of that Lys. The lack of inhibition by the group IV variants is the strongest evidence for some specific interaction with the nitrophenoxy group.
The phosphoryl azides and phosphoramidates studied in groups III and V allowed us to probe the effects of modifications for both the retained and leaving groups of these paraoxon analogs. Despite lacking the p-nitrophenoxy group, the molecules in these groups did demonstrate quantifiable inhibition of paraoxonase activity, as well as detectable turnover, in contrast to the severely attenuated activity of the group II, phenolate substituted molecules. For example, paraoxon has a k cat of 2.1 s -1 and a K M of 0.9 mM, while the phenoxy-substituted analog 17 had extremely weak (but detectable) turnover and inhibition of paraoxonase activity. On the other hand, the phosphoryl azide analog closest in size to paraoxon is O-butyl and phenolate-substituted analog 19, which was found to have a k cat of 1.6 s -1 and a K M of 0.5 mM, nearly identical to the values for paraoxon. From these data, we can conclude that modifications of the retained portion of paraoxon analogs, and in particular the inclusion of a more polar azide group instead of the O-alkyl fragment, can compensate for removal of the nitro group from the leaving group portion of the substrates.
With our computational results for group III, the azide moiety can potentially play a significant role in the binding of the ligands in the active site: in most cases, the lowest energy pose (based on MM-PB/GBSA binding energies; refer to Supporting Information for additional details) was one in which the first nitrogen (N1) of the azide group participates in an electrostatic interaction with E53, which, in turn, is hydrogen-bonded with H115 (Fig. 7) . Alternatively, in some low energy poses, the N1 of the azide is hydrogen-bonded directly with H115. In the case of amino-substituted 24(R) for example, the NH group of the ligand is hydrogen-bonded with calcium-binding residues N224 or D269 (Fig. 8) . Overall, the modeling results suggest that the heteroatom substitutions adjacent to phosphorus, and in particular the azide and amino groups, can participate in additional hydrogen bonding and/or electrostatic interactions in the active site relative to the simple O-alkyl substituents of group I. In conjunction with the loss of the p-nitrophenoxy group, it is possible that these interactions are vital to stabilize the orientation of substrate in a productive binding mode in the active site. Also, water molecules were observed interacting with H115, D269, H285, and E53.
It could be argued that heteroatom substitutions could affect the charges on the phosphorus atom, and thus its electrophilicity, as well as binding with the calcium through the phosphoryl oxygen. Calculations of atomic partial charges were performed using the ChelpG [39] and natural population analysis (NPA) [67, 68] methods, and in the ChelpG charge calculations, the atomic charges on the phosphorus atoms of 19-23 (with O-alkyl substituents) were within the range of +1.36 and +1.39 e. The NPA charges were also quite similar across the series, in the range of +2.49 and +2.52 e, confirming that the variations in the length of alkyl chain did not affect the charges on the phosphorus atom. However, the positive charge on the phosphorus atom for the phosphoramidate 24 (+1.22 e ChelpG and +2.44 e NPA) was lower, consistent with the electronegativity differences between oxygen and nitrogen. The results of the group IV series clearly demonstrate that the substitution at the para position affected the binding and turnover of paraoxon analogs. In general, the trend of these molecules was that the substitution of electron-donating groups at the para position destroys activity (as in the i-propyl andOMe substituents). Weakly electron-withdrawing substitutions, such as p-Br, also negated activity and inhibition. Interestingly, substitution with the electron-donating p-SMe, in 32, still allowed for the turnover by PON1 at a rate comparable with that of paraoxon.
The binding poses of 32 were similar to those identified for paraoxon, with similar leaving group orientations in the two main poses. That is, the leaving group was oriented toward either the H285 pocket or the H115/H134 pocket (Fig. 9) . Given the high structural similarity between paraoxon, 31, and 32, it is unlikely that computational modeling can explain the dramatic differences in activity, particularly without additional analogs, which do demonstrate turnover; this is an ongoing area of study.
The last class of molecules, group V, are phosphoramidates that are either known DFPase inhibitors or derivatives thereof. We lacked a spectroscopic probe to monitor the potential hydrolysis of the cyclopropyl-substituted and cyclopentyl-substituted analogs 34 and 35. Compound 36 is a relatively good substrate for G2E6, but its kinetics are complicated by substrate inhibition. Interestingly, 36 represents the only diphenoxy-substituted molecule that demonstrated turnover by PON1. More importantly, the IC 50 values obtained for the group V molecules in general, and 36 in particular, were by far the lowest of any of the molecules we studied. In fact, 36 was the only compound with an IC 50 value below the testing concentration of paraoxon, implying that it binds more tightly than paraoxon. While the mode of inhibition for the other groups was inconclusive because of solubility issues, the group V molecules were identified as competitive inhibitors (Supporting Information), supporting the notion that binding in the active site is taking place. Comparison of inhibition between 36 and the azido analog 25 suggests that binding is strongly enhanced by the amino group.
When docking and MD simulations were performed, poses similar to those for groups III and IV were identified for the phosphoramidate 36 following binding simulations. The two phenyl rings were oriented toward the H285 and H115 pockets, while the amine hydrogen-bonded with N224, one of the calciumbinding residues (Fig. 10) . Apart from clearly demonstrating that subtle modifications in the substrates lead to significant changes in the enzymatic activity against PON1, the results from this Figure 8 . (a) Orientation of 24(R), for which the NH group of the ligand is hydrogen-bonded with the calcium coordinating residues N224 or D269. In the latter case, this could interfere with a potential catalytic dyad. (b) The alkyl side chain was often observed to be facing H285, and the oxygen of the aryloxy and alkoxy group is often hydrogen-bonded to N168, which, in turn, is hydrogen-bonded to D183 Figure 9 . Two orientations of 32 from molecular dynamics simulations, with the leaving group (a) toward the H285 pocket and (b) anti to D269 SUBSTRATE TOLERANCE IN PARAOXONASE-1 study also provide some interesting implications for the potential catalytic mechanism of the enzyme. Worek et al., on the basis of kinetic and mutagenesis data, in conjunction with a neutron scattering study of the related enzyme DFPase, have proposed a mechanism for the hydrolysis of OP compounds by PON1. [25, [69] [70] [71] Specifically, they proposed that D269 acts as a nucleophile and attacks the OP substrate at the electrophilic phosphorus atom, with the 'catalytic' calcium acting as an oxyanion hole to stabilize the developing negative charge on the phosphoryl oxygen, before the leaving group is expelled to form an OP-PON1 covalent complex (Scheme 2). As discussed previously, a second hydrolysis step must necessarily follow to regenerate the free D269 for the protein to act in a catalytic fashion. However, both the crystal structure [11] of G2E6 (which has a phosphate ion bound to the catalytic calcium) and our molecular modeling indicate that the oxygen atom of D269 might reside as far as~0.6 nm away from the phosphorus atom, which would require a large conformational change, both in terms of the coordination environment of the calcium ion and of the orientation of the substrate, for a nucleophilic attack to take place. Modeling by Wallqvist et al. suggests a separation of 0.4-0.5 nm between D269 and the phosphorus atom of paraoxon bound in the putative active site following docking and MD simulations. [62] Given that D269 also coordinates to the catalytic calcium, reducing its nucleophilicity, this mechanism, if operative, would likely involve, at a minimum, the transient loss of coordination between D269 and the calcium ion. Unfortunately, validation of this hypothesis through mutagenesis has been ambiguous: while mutants at D269 (including D269E) [31] were inactive against OP compounds in prior studies, this is not necessarily indicative of the participation of this residue in catalysis, as the coordination of the 'catalytic' calcium coordination could also be disrupted.
The absence of either irreversible inhibition or aging (as in the case of acetylcholinesterase [72, 73] ) in the experimental data, which would likely occur along with formation of a covalent OP-PON1 adduct, further detracts from direct attack as a mechanistic hypothesis. [74] Aging results in the inhibition of cholinesterases by OPs. [72, 73] The cholinesterases react with OPs via the formation of an acyl-enzyme intermediate, following nucleophilic attack of a catalytic triad of Glu-His-Ser onto the phosphorus of the OP. Following the formation of this ligated intermediate, aging occurs by the displacement of a second leaving group on the adduct via an activated water molecule, resulting in the generation of a negatively charged acyl-enzyme adduct, which is resistant to any known methods of reactivation. [72, 73] PON1 is not known to age, suggesting that even if a nucleophilic amino acid residue of the protein were involved in hydrolysis directly, the catalytic nature of the reaction would require regeneration of the free residue following a second hydrolytic step, most likely involving a water molecule, to regenerate the active protein. [74] For carboxylesterases, which are known to form a covalent intermediate following reaction with OPs, the outcome is inhibition, followed in some instances by a spontaneous reactivation step. [75] It is worth noting that the mixed anhydride that would form on phosphylation of D269 would be more labile to hydrolysis than the phosphylated Ser in AChE and carboxylesterase, which might explain the lack of aging in PON1 if a direct attack is occurring.
An alternative that is consistent with the experimental and computational studies we present here is a general-base catalytic mechanism, although the methodology employed herein does not allow for direct comparison of the several potential reaction pathways. For example, D269, possibly with assistance from E53 or another basic residue in proximity, could activate a coordinated water molecule to create hydroxide, which could subsequently attack the OP compound (Scheme 3). In many of our MD simulations, we observed water molecules close enough to D269 and E53 for this process to be plausible. Further, in most of the cases, the aryloxy leaving group is oriented towards the H115 pocket, and the other substituents on the phosphorus center are oriented away from the H285/D269 pocket, providing a favorable anti orientation of the leaving group relative to an approaching nucleophile.
In either of these proposed mechanisms, the anti and angular approach of the nucleophile to the phosphorus center would require displacement of the O-alkyl fragments, so the presence of larger alkyl retained groups could increase the kinetic barrier for reaction or may completely prevent association and activation of the water molecules. In the MD simulations, the water molecules were fluxional, and only in some orientations was a stable coordination observed, such that a more detailed examination of the reaction pathway will be required to fully explore the mechanism. Such a process would require the use of hybrid QM/MM methods [76] to fully map the potential energy surface for hydrolysis, and such detailed computational studies are underway.
This study certainly does not rule out a direct nucleophilic attack on OPs by D269 or some other residue, but activation of water is more consistent with our modeling data and the apparent lack of aging. Pre-steady state kinetics to look for a burst phase from formation of the putative mixed anhydride and mass spectrometry to look for small amounts of derivatized or even aged enzyme are required to shed more light on these alternative mechanisms. Such experiments are challenging, although, and lack of a burst phase or lack of detection of derivatized enzyme does not rigorously rule out direct attack. Further work toward this end is underway.
CONCLUSIONS
The primary observation from our SAR studies is that while PON1 accepts a wide variety of substrates, subtle variations in the composition of paraoxon analogs led to significant changes in activity. In particular, alterations in the size and electronics of the peripheral groups on the phosphorus, as well as the leaving group, significantly alter both the binding and turnover of paraoxon analogs. We propose that these changes may be the result of a constrained substrate orientation for productive hydrolysis. However, with the nitro group as well as the modifications closer to the phosphorus atom in groups III and V of this study, the paraoxon analogs studied herein may well be capable of additional, specific interactions in the protein active site beyond those in molecules used in earlier studies. Between the group I, II, and IV molecules, dramatic differences in binding to the protein were observed following removal of the nitrophenoxy group, generally to the detriment of binding and turnover. However, when this was combined with alterations of the retained group, and in particular the inclusion of heteroatoms, productive binding to the protein was recovered.
Computational modeling provides a possible rationalization for these effects in the observation of electrostatic interactions between residues in the active site periphery and the nitro group or other heteroatom substituents. This could provide additional constraints on the orientation of ligands in the active site that contribute to the large differences in activity across sterically similar molecules. Closer to the phosphorus, several substrates varied in the heteroatom substitution of the side-chain linkages, which could alter their interactions with the calcium-binding pocket residues. Our modeling also suggests that several nonpolar residues in the active site periphery (e.g., L69, F222, L240, V346) are most involved in hydrophobic interactions with the retained groups; thus, we predict that alterations of these residues modulate the steric constraints of the active site. Unfortunately, it will be difficult to make mutations to test this hypothesis, because such mutations may also alter the environment of the 'catalytic' calcium.
Photoaffinity labeling studies using molecules identified in this work are ongoing, and preliminary results suggest that labeling of active site residues has taken place. This will further improve our knowledge of the substrate binding modes and may allow for direct identification of residues involved in specificity and activity of PON1.
SUPPORTING INFORMATION
Supporting information may be found in the online version of this article.
